This protocol describes fabricating microfluidic devices with low X-ray background optimized for goniometer based fixed target serial crystallography. The devices are patterned from epoxy glue using soft lithography and are suitable for in situ X-ray diffraction experiments at room temperature. The sample wells are lidded on both sides with polymeric polyimide foil windows that allow diffraction data collection with low X-ray background. This fabrication method is undemanding and inexpensive. After the sourcing of a SU-8 master wafer, all fabrication can be completed outside of a cleanroom in a typical research lab environment. The chip design and fabrication protocol utilize capillary valving to microfluidically split an aqueous reaction into defined nanoliter sized droplets. This loading mechanism avoids the sample loss from channel dead-volume and can easily be performed manually without using pumps or other equipment for fluid actuation. We describe how isolated nanoliter sized drops of protein solution can be monitored in situ by dynamic light scattering to control protein crystal nucleation and growth. After suitable crystals are grown, complete X-ray diffraction datasets can be collected using goniometer based in situ fixed target serial X-ray crystallography at room temperature. The protocol provides custom scripts to process diffraction datasets using a suite of software tools to solve and refine the protein crystal structure. This approach avoids the artefacts possibly induced during cryo-preservation or manual crystal handling in conventional crystallography experiments. We present and compare three protein structures that were solved using small crystals with dimensions of approximately 10-20 µm grown in chip. By crystallizing and diffracting in situ, handling and hence mechanical disturbances of fragile crystals is minimized. The protocol details how to fabricate a custom X-ray transparent microfluidic chip suitable for in situ serial crystallography. As almost every crystal can be used for diffraction data collection, these microfluidic chips are a very efficient crystal delivery method.
Introduction
Knowing the 3D structure of a protein is essential to understand its functionality. Near-atomic resolution structures are so far most commonly obtained by X-ray crystallography. This technique exposes protein crystals to X-ray radiation and the resulting diffraction patterns are then analyzed for structure determination and refinement. In traditional X-ray crystallography, a complete diffraction dataset is recorded from a single, ideally large, crystal at cryogenic temperatures. Such crystals, however, are mostly not trivial to grow, and to identify suitable cryo-preservation conditions can become challenging in itself and may sometimes also cause deviations from the native protein structure 5 .
To overcome this hurdle, serial crystallography has become the method of choice to collect and merge diffraction patterns from many randomly oriented microcrystals to obtain a complete dataset. Radiation induced crystal damage is minimized by spreading the total X-ray dose used to solve a protein structure over a high number of crystals 5, 10 . In a 'diffract before destroy' FEL experiment, each crystal is only used for one exposure using femto-second X-ray pulses. Micro-focus beamlines at third generation synchrotron sources in turn can perform serial crystallography with a few millisecond short X-ray exposures 11, 12, 13, 14 . Without a crystal oscillation or rotation during data collection, however, only partial Bragg reflections can be recorded and hence tens of thousands or more diffraction patterns are typically required for the structure determination 15 . To date, a diverse set of sample delivery methods has been developed for serial crystallography, as recently reviewed 14, 16, 17, 18, 19 . Amongst those, several fixed-target based sample delivery strategies were successfully combined with crystal rotation during X-ray exposures such that significantly fewer diffraction patterns can provide equally complete datasets while also consuming less sample compared to classical serial crystallography experiments where still images are recorded 7, 16, 20, 21, 22, 23, 24 .
We present a protocol to fabricate microfluidic devices with low X-ray background. The devices are patterned from 5-min epoxy glue using soft lithography and are suitable for in-situ X-ray diffraction experiments at room temperature that benefit from integrating the sample preparation directly into the X-ray set-up, as the case with time-resolved studies that follow mixing-induced kinetics 18, 19 . Microfluidic channels are lidded on both sides with polymeric polyimide foil, resulting in X-ray windows with a combined thickness of about 16 µm that allow for low X-ray background imaging. All used materials provide good solvent resistance. This fabrication method is comparably simple and inexpensive. After the sourcing of a SU-8 master wafer, all fabrication can be completed outside of a cleanroom in a typical research lab setting.
In an application example, we describe chips for goniometer based fixed target serial crystallography. First, the design and fabrication considerations for using capillary valving to microfluidically split an aqueous reaction into a selected number of nanoliter sized droplets are discussed. This loading mechanism avoids the sample loss from channel dead-volume and splitting can easily be performed manually without using pumps or other equipment for fluid actuation. Such isolated nanoliter sized drops of protein solution are monitored in situ using dynamic light scattering (DLS) to control protein crystal nucleation and growth. It has previously been demonstrated that DLS measurements can be performed in microfluidic devices consisting of a polydimethylsiloxane (PDMS) structure bonded to a glass slide 25, 26 . Because the polyimide layer has a high transmission for wavelengths longer than 550 nm, the approach can be extended to measurements in X-ray transparent chips as well, when using an appropriate laser wavelength 27, 28 . Based on the DLS results, initial nucleation can be observed, and further droplet evaporation can be stopped to obtain fewer but larger protein crystals.
After sufficient crystals are grown, complete X-ray diffraction datasets can then be collected using goniometer based in situ fixed target serial X-ray crystallography at room temperature. Diffraction datasets are processed using a suite of software tools and custom scripts to solve the protein crystal structure. This technique avoids artefacts often induced during cryo-preservation used in conventional crystallography experiments.
We compare three protein target structures that were solved using about 10-20 µm small crystals grown in chip to better then 2 Å resolution. By crystallizing and diffracting in situ, handling and hence mechanical disturbances of fragile crystals is minimized. This protocol can be applied for protein crystals which diffract to high resolution as well as low resolution (1.7 Å to 3.0 Å). As almost every crystal can be used for diffraction, little sample is wasted, making this a very efficient crystal delivery method.
This protocol provides a detailed guide on how to prepare X-ray transparent microfluidic chips for in situ protein crystallization and diffraction data collection. The procedure was carefully designed to benefit from microfluidic precision without requiring sophisticated equipment in the lab. Also, data collection at the synchrotron beamline can be performed without requiring a specialized goniometer or humidifier to ease reproducing the results by non-experts. The presented technique can be applied for serial millisecond crystallography data collection at room-temperature while keeping the radiation damage minimal and without introducing stress to the crystals after growth by cryo-protection or crystal handling. Hence, the described method is suitable for any protein crystallization project. NOTE: For building all-PDMS devices, the channel height-to-width aspect ratio should not exceed 1:10 to prevent channel collapse. Both polyimide foil and cured epoxy resin are sturdier and in principle should allow also higher aspect ratios. However, we purposely did not exceed the 1:10 ratio, so that initial designs could be prototyped as traditional PDMS devices. 2. Translate CAD-files into emulsion film photomasks. Use a nominal 64k DPI resolution to allow accurate features down to about 5 µm size. NOTE: This can be done through a commercial service. Imaging services may prefer different drawing conventions to streamline file conversion for mask imaging. Please inquire about the preferred drawing conventions upfront to avoid laborious trouble shooting during the conversion. Masks with transparent features on black background will pattern SU8 photoresist features onto the wafer to yield functional PDMS microchannels during replica molding. In turn, black features on transparent background masks are needed to prepare PDMS molds suitable for X-ray chip fabrication. We recommend ordering both mask polarities to allow for early prototyping and design validation to fabricate PDMS devices before translating the design into X-ray chips.
Protocol

Chip Design and Master Fabrication
NOTE: This reduces the viscosity of the resulting 5 min epoxy to simplify bubble-free mixing and replica-mold casting, and to minimize the thickness of the final cured epoxy layer. The ethanol evaporates through the PDMS during the curing step. 2. Degas the PDMS mold in a vacuum desiccator for 30 min, so that it can absorb small air bubbles from the epoxy resin during the molding step. 3. Cut the polyimide foil to about 70 × 70 mm and span it around a 75 × 50 mm glass slide using tape to obtain a flat and rigid surface with the tape on the backside. Plasma activate the foil with 50 W, 13.56 MHz, 0.4 mbar O 2 plasma for 20 s, then incubate the complete foil-slide in an aqueous solution of 1 vol% (3-aminopropyl)trimethoxysilane (APTS) or (3-glycidyloxypropyl)trimethoxysilane (GPTS) for 5 min at 20 °C. 4. Thoroughly mix both ethanol diluted epoxy precursor solutions to ensure optimal curing behavior. Retrieve PDMS-molds from the vacuum chamber and place them onto a flat surface. Then quickly dispense a droplet of mixed resin onto each microstructure on the mold using a micropipette (about 10 µL per 1 cm 2 of microstructures) (Figure 1 , step 7a).
5. Retrieve the polyimide foil-slide sandwich from the aqueous silane (APTS or GTPS) solution. Dry the foil with pressurized air or nitrogen. 6. Place the prepared polyimide foil-glass-slide sandwich onto the deposited epoxy resin (Figure 1, step 7b) . Firmly press the glass slide attached to the polyimide foil against the PDMS mold. Place a metal sheet onto the glass slide and then deposit weights to apply up to 1.4 N/ cm 2 pressure for 1 h, while the epoxy resin cures at room temperature.
NOTE: Ideally, no resin remains on the foil in the areas where the structures in the mold have the maximal height. These correspond to the crystallization wells where the crystallization takes place afterwards. 1. Optional: If accurate molding of small features is critical, the PDMS mold can be reinforced with an aluminum frame during the molding step 31 .
7. Remove the glass slide with the polyimide foil and the patterned epoxy by peeling it from the PDMS mold (Figure 1 step 8) . Plasma activate the patterned epoxy side with 50 W, 13.56 MHz, 0.4 mbar O 2 plasma for 20 s. 8. After the removal of the polyimide foil from the plasma chamber, incubate the epoxy-patterned foil in a 1 vol% aqueous APTS (or GPTS) solution for 5 min at 20 °C. Similarly, prepare a second un-patterned polyimide foil with the complementary 1 vol% GPTS (or APTS) silane activation. After the incubation, dry both structured and unstructured foil with pressurized air. 9. Position the epoxy side face up on a flat surface, using the surface tension of a drop of water underneath as a mediator to prevent curling of the foil and to ensure maximal flatness. Then place the second activated polyimide foil on top and gently streak with your finger from one corner to the opposite to make them bond and to avoid the formation of bubbles. To improve bonding, place the chip on a flat PDMS slab, and cover it with a plastic foil, followed by a clean glass slide and a metal block.
Access Ports for Fluid Delivery
Finally, deposit weights to apply up to 1.4 N/cm 2 pressure for about 1 h.
4. Punch access holes with a 0.75 mm biopsy punch at each position where inlet and outlet ports are marked in the chip design and seal the back with tape. The chip is now accessible for any tubing with an outer diameter matching the diameter of the hole (as detailed in step 4.2). 
Surface Treatment
Protein Preparation
1. Weigh lyophilized thaumatin and dissolve it in a buffer solution listed in Table 2 to the appropriate volume to obtain a final protein concentration of 40 mg mL -1 . Table 2 according to the manufacturer protocol. 3. Prepare the protein thioredoxin as described previously by Schubert et. al. 30 . 4. Verify the final protein concentrations photometrically using the extinction coefficients summarized in Table 2 , calculated by the software ProtParam 32 . 5. Prepare all solutions using ultrapure water and filter them with a 0.2 µm filter. 6. Centrifuge the protein solutions at 20 °C for 15 min at 16100 x g, and take the supernatant for crystallization experiments.
Dialyze glucose isomerase against the buffer listed in
Protein Crystallization in X-ray Chip
1. To crystallize proteins in microfluidic chips, mix equal amounts of protein solution and precipitant solution. Protein concentration, buffer composition and precipitant composition are summarized in Table 2 . Prepare a total volume of around 20 µL to fill a microfluidic chip. 2. Immediately after mixing, inject the solution into the inlet port of the chip via a syringe, coupled to a 27G × 5/8" needle and PTFE tubing with 0.75 mm outer diameter (detailed in step 4.2). NOTE: The filling procedure for the serial layout requires a prior priming of the chip with fluorinated oil, which is easiest done by loading the fluorinated oil from the outlet port before injecting the crystallization solution through the inlet port. All loading steps should be monitored using a microscope to control the applied syringe pressure and the corresponding flow rate." 3. After the chip is filled, separate the individual crystallization compartments by injecting fluorinated oil into the inlet port of the chip. Seal the chip by blocking all inlet and outlet ports of the chip. This may be done by inserting a paperclip. NOTE: Because the crystallization compartments are filled by protein/precipitant solution, the fluorinated oil only fills the inlet channel of the chip, without affecting the solution in the crystallization compartments. 4. To mimic vapor diffusion crystallization kinetics, place the sealed chip at ambient temperature and normal atmosphere to allow the droplet in the crystallization compartment to shrink by the evaporation of water through the polyimide foil. 5. After crystal formation is observed via a microscope or DLS measurements (step 7), transfer the complete microfluidic chip into the appropriate precipitant solution, to stop further evaporation from the crystallization wells until the X-ray diffraction experiment is performed.
Dynamic Light Scattering Measurements in Crystallization Wells in Chip
NOTE: DLS measurements were performed with a laser output power of 100 mW, a wavelength of 660 nm and the scattered light was detected at a scattering angle of 142°. Because all investigated sample solutions were aqueous the refractive index of water (n = 1.33) was used in all calculations.
1. Place the microfluidic chip in the in the SBS format plate holder of the DLS instrument by using the adapter described in step 8.1. Insert the adapter into the device. 2. Carefully adjust the laser focus inside a compartment of the microfluidic chip by using the motorized x-,y-,z-stage. Because the microfluidic chip is very thin, adjust the z-level by applying small increment steps. NOTE: A correct adjustment is confirmed by a high intercept and a smooth tail of the resulting autocorrelation function of the DLS measurement. A calibration file can be created to match the position of each individual crystallization well in the microfluidic chip, allowing automated DLS measurements in several compartments over time. 3. Perform each DLS measurement at 293 K for 30 s and repeat the measurement every 5 min until the end of the crystallization experiment.
NOTE: Initial nucleation can be followed by the radius distribution of the DLS measurements over time and successful crystal formation can in parallel be followed by the in-built microscope of the DLS plate reader.
Diffraction Data Collection
1. Adapters for beamline goniometers 1. Print the adapters for the plate goniometer to position and rotate the X-ray chips during crystallographic data collection. 2. Fabricate the adapters for the base goniometer on a hobby-grade 3D printer using default parameter settings as recommended by the manufacturer. NOTE: The adapters were designed using a 3D-CAD-System and the coordinate files of the adapters are attached in '.STL'-file format in the supplement. 3. Fix the X-ray chips to the adapter using double sided tape.
2. in situ x-ray crystallography 1. Collect diffraction data using a beam size of 10 × 5 µm (FWHM of Gaussian profile) at 296 K. Use X-rays with an energy of 12.8 keV and a flux of 2.2 · 10 11 photons · s -1 in the attenuated beam and record diffraction patterns using a Pilatus 6M hybrid pixel detector.
NOTE: Microfluidic devices containing thaumatin, glucose isomerase or thioredoxin crystals are used for in situ X-ray crystallographic experiments at the EMBL beamline P14 of the PETRA III synchrotron. Available beam focus size and flux may differ at other X-ray sources. The number of exposed protein crystals, the number of diffraction patterns recorded from each crystal, the oscillation angle range per exposure, and the exposure time are summarized in Table 3 . 2. Process sets of two consecutive diffraction pattern individually using the program XDS 33 . Use the bash script "xds.sh" found in the supplement. 3. Create HKL files for each dataset from all crystals and scale them using the software XSCALE 33 . Use the bash script "xscale.sh" in the supplement to create an input file for XSCALE. NOTE: Only datasets of crystals that have correlation coefficients larger than 90 %, which indicates a high degree of isomorphism, should be scaled. The conservative criterion ‹I/σ(I)› (>2) should be used to determine the highest resolution shell. Molecular Replacement using the program MOLREP 34 from the CCP4 suite 35 can be used to obtain the phases for further model building by using the 3D coordinates of the Protein Data Bank (PDB) shown in Table 3 . 4. Refine all structures isotopically using Refmac5 35, 36 and use COOT 37 for visual inspection of the final model.
NOTE: Solvent molecules should be added automatically during the refinement process and need to be checked to confirm chemically reasonable positions. All models must be inspected to identify Ramachandran outliers.
Data Evaluation
1. Radiation damage 1. Analyze the decay of diffraction power over time using a method described by Owen et al 38 . For this, calculate the total sum of I/σ(I) (provided by XDS 33 ) of all indexed reflections of each evaluated diffraction dataset (2 consecutive diffraction pattern), to use as a reference value. Use the bash script "ISigma.sh" from the supplement. 2. Normalize the diffraction power of each dataset to the mean diffraction power of the first dataset. 
Convert the obtained Euler angles from radians to degrees. Group the obtained Euler angles for all three rotation planes (xy, xz and zy)
in classes of 10° and plot them by using the software Origin9.
Representative Results
Epoxy is an excellent filling material for X-ray chip fabrication. It is cheap, simple and robust to process without requiring specialized tools (Figure 1 ). Reducing epoxy viscosity by diluting it with 40 wt% ethanol facilitated the removal of excess resin above the crystallization well, resulting in defined X-ray windows. Higher ethanol dilutions resulted in defects in the cured resin. By analyzing X-ray chip cross-sections, we determined the total window thickness of both sides to be about 19 µm thick, which is very close to the nominal thickness of the used polyimide foils of 2 × 7.5 µm (Figure 2 
)
Crystallization trials were isolated into several nanoliter sized reaction compartments each, using a capillary valve mechanism as described previously 41 . This 'store-then-create' loading technique avoids the sample loss from channel dead-volume and can easily be performed manually, eliminating the need to use pumps or other equipment for fluid actuation 42 . The chip is primed with fluorinated oil before loading the aqueous sample. The surface tension at the oil-water interface between priming oil and aqueous sample results in a pressure difference across the interface. This Laplace pressure depends on both the radius of curvature and the surface tension of the interface. To minimize its energy, the interface must minimize its surface, which is equivalent to maximizing its main radii of curvature at constant volume. A low curvature interface in a wide channel has a lower Laplace pressure then a high curvature interface in a narrow channel segment. Therefore, the sample plug preferentially enters and flows through the wide bypass channel instead of flowing through the narrow capillary valve restrictions. Finally, the sample plug is followed by fluorinated oil to separate the sample wells into independent droplets.
. In contrast, in the 'parallel' layout, two separate main channels connect all well inlets or capillary valves only 43 . Both arrangement concepts have been previously combined with formulation control to screen composition, which is a useful aspect in protein crystallization 43, 44 . The serial design has only two fluid ports, one inlet and one outlet. It has fewer liquid ports, and because of this, is simpler to build and operate. The parallel layout has 4 fluid ports, 2 for the main channel connecting the wells and 2 for linking up the capillary valves to let air or excess oil escape. Loading can hence proceed from both main channel sides. This layout has overall lower flow resistance for an equal number of wells due to its shorter bypass. It is hence better suited for up-scaled devices with a high number of wells. Also, the sample wells are oriented closer together, which offers advantages for automated imaging.
Complete sample well loading was observed for both layouts, if either built as a two-height or a three-height design. In a two-height design, both the sample well and the bypass channels are of equal height. The three-height design requires a third mask, an additional SU8 layer and an alignment step to further ensure that the sample wells become higher than the preceding bypass channels. This height-differential promotes entering of sample fluid into the well through the same capillary valving principle that stops flow at the constrictions. Here, the higher well ceiling corresponds to a lower Laplace pressure of the advancing meniscus and flow along the bypass direction is only favored after wells have filled completely such that the valve constrictions block further flow and divert it down the bypass. However, successful loading does not strictly require the wells to be higher than the bypass as appropriate capillary valving can also be achieved by adjusting channel widths accordingly. Nonetheless, in our experience, the higher wells performed significantly more robust and defect free loading was observed at up to ten times higher flow-rates in all three-height designs compared to their two-height equivalents. This effect was more pronounced in the parallel layout.
To mimic vapor diffusion crystallization kinetics, the finite permeability of the polyimide foil was exploited to control water evaporation over time. Experimental evaporation rates were quantified by monitoring the change of droplet volume over time by equating drop surface area and well height ( Figure 4C) . The evaporation from crystallization wells in the X-ray chip does not proceed in a linear fashion, as a shrinking surface area of the drop coinciding with increasing solute concentration results in a reduced evaporation rate over time 45 . The initial evaporation followed an approximately linear rate of about 0.5 nL h -1 in wells of the serial layout geometry.
To better understand the crystallization kinetics, DLS measurements were performed in the crystallization wells of the microfluidic chip. For initial DLS measurements, a PDMS chip bonded on a glass slide was used to provide better optical properties for the light scattering experiment. This chip had the same well dimensions as the X-ray chip. PDMS has a higher water vapor permeability than the polyimide of the polyimide windows in the X-ray chip 45 . Since flux scales linearly with distance, the evaporation trajectory of a polyimide windowed well can be matched with a corresponding PDMS window of appropriate thickness.
DLS results show that the radius distribution changes over time (Figure 4A-B) , demonstrating that the DLS measurements allow to detect the initial nucleation before first crystalline particles are observed. This information can be used to nucleate and grow single crystals per well by externally adjusting the evaporation rate and hence supersaturation levels at an early stage of the nucleation 46 .
The X-ray chip was fixed on a 3D printed adapter for the SBS compatible plate goniometer at the EMBL beamline of the synchrotron P14 at PETRA III ( Figure 5A ). Alternatively, a smaller 3D printed frame may be used to mount X-ray chips to standard beamline goniometers 21 . Thaumatin crystals have a size of 10 -20 µm ( Figure 5B) and diffract up to a resolution of 2.0 Å ( Figure 5C ). As expected, the X-ray background contribution of the two thin polyimide foils windows from the X-ray chip is limited to polyimide polymer scattering rings at 11 Å (2θ ~ 5°) and 33 Å (2θ ~ 1.7°) for the X-ray wavelength of 0.97 Å. These two rings do not disturb data processing. A total dataset with 83 thaumatin crystals was collected and 10 diffraction patterns were recorded from each crystal with a 1° rotation during each frame. Data processing and refinement parameters, as well as the statistics of the thaumatin dataset are listed and compared with two other datasets of glucose isomerase and thioredoxin that were also collected in situ are listed in Table 3 and Table 4 .
The intensity decay of the normalized diffraction power over time was investigated by splitting up the thaumatin dataset into five sub datasets (two diffraction patterns were used per subset to maintain complete datasets). As shown in Figure 6B , the diffraction power started to decrease after the first sub dataset and was below 50% in the fourth sub dataset. As a result, the Rmeas values of the sub datasets are also increasing over time, indicating X-ray radiation damage during the data collection. We hypothesize that free radicals generated during X-ray exposure quickly degrade neighboring crystals in the same reaction compartment. For example, such secondary X-ray damage was less pronounced in a related experimental approach, where crystals have been distributed over a significantly larger area in a polyimide sandwich 21 . To minimize overall X-ray damage, only a small number of diffraction patterns from a particular crystal should be collected at room temperature. Also, only one single protein crystal should be exposed per compartment of the microfluidic chip. Nevertheless, all structure models refined using the processed datasets show very good stereochemistry and suitable statistics ( Table 4) . In addition, all final electron density maps were of very good quality. Typical channel heights were: 50 µm bypass, 50-60 µm crystallization well, 5-10 µm capillary valve, corresponding to well volumes of about 2.5 nL (parallel layout) and 8 nL (serial layout). Representative well loading behavior is shown using food dyes. The chip was primed with 12 wt% 1H,1H,2H,2H-perfluoro-1-octanol in FC-43, before food dye was injected into the storage wells. White arrows indicate the direction of flow. Overview images of loaded devices show all wells loaded defect free, illustrating robust sample loading. The parallel layout is illustrated as a three-height design, with crystallization wells higher than the bypass, while the serial layout is depicted as a two-height design with wells and bypass having equal height. Typical flow rates were around 150 µL/h during loading, but defect free loading was observed for flowrates of up to 1 mL/h in a three height-design. Please click here to view a larger version of this figure. b: ( ), where I (hkl) is the mean intensity of the reflections hkl, Σhkl is the sum over all reflections and Σi is the sum over i measurements of reflection hkl. 
